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Abstract 



We address intermediate scales within a class of string models. The inter- 
mediate scales occur due to the SM singlets Si acquiring non-zero VEVs due 
to radiative breaking; the mass-square mf of Si is driven negative at urad 
due to 0(1) Yukawa couplings of Si to exotic particles (calculable in a class 
of string models). The actual VEV of Si depends on the relative magnitude 
of the non-renormalizable terms of the type Sf +3 /M K in the superpotential. 
We mainly consider the case in which the Si are charged under an additional 
non-anomalous U(l)' gauge symmetry and the VEVs occur along F- and D- 
flat directions. We explore various scenarios in detail, depending on the type 
of Yukawa couplings to the exotic particles and on the initial boundary values 
of the soft SUSY breaking parameters. We then address the implications of 
these scenarios for the [i parameter and the fermionic masses of the standard 
model. 
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I. INTRODUCTION 



One prediction of the weakly coupled heterotic string is the tree level gauge coupling 
unification at M string ~ g v x 5 x 10 17 GeV [Q, where gu is the gauge coupling at the string 
scale. M string is the only mass scale that appears in the effective Lagrangian of such string 
vacua, and thus is one mass scale naturally provided by string theory. 

However, one of the major obstacles to connecting string theory to the low energy world 
is the absence of a fully satisfactory scenario for supersymmetry (SUSY) breaking, either at 
the level of world-sheet dynamics or at the level of the effective theory. The SUSY breaking 
induces soft mass parameters which provide another scale in the theory that can hopefully 
provide a link between M str i ng and Mz, the scale of electroweak symmetry breaking. For 
example, in models with radiative breaking one of the Higgs mass-squares runs from an 
initial positive value at M str i ng to a negative value, of 0(— thq), at low energies, so that 
the electroweak scale is set by the soft supersymmetry breaking scale m (and not by the 
intermediate scale at which the mass-square goes through zero). 

In spite of this difficulty, string theory does provide certain generic and, for a certain class 
of string vacua, definite predictions. With the assumption of soft supersymmetry breaking 
masses as free parameters, the features of the string models, such as the explicitly calculable 
structure of the superpotential, provide specific predictions for the low energy physics. 

For example, one can restrict the analysis to a set of string vacua which have N = 1 
supersymmetry, the standard model (SM) gauge group as a part of the gauge structure, and 
a particle content that includes three SM families and at least two SM Higgs doublets, i.e., 
the string vacua which have at least the ingredients of the MSSM and thus the potential to 
be realistic^]. Such vacua often predict an additional nonanomalous U(l)' gauge symmetry 
in the observable sector. It has been argued || that for this class of string vacua with an 
additional U(l)' broken by a single standard model singlet S, the mass scale of the U(l)' 
breaking should be in the electroweak range (and not larger than a TeV). That is, if the 
U(l)' is not broken at a large scale through string dynamics, the U(l)' breaking may be 
radiative if there are Yukawa couplings of 0(1) of S to exotic particles. The scale of the 
symmetry breaking is then set by the soft supersymmetry breaking scale m , in analogy to 
the radiative breaking of the electroweak symmetry described above. 

Recently, a model was considered JTI1 in which the two SM Higgs doublets couple to the 
SM singlet, and the gauge symmetry breaking scenarios and mass spectrum were analyzed 
in detail. A major conclusion of this analysis was that a large class of string models not 
only predicts the existence of additional gauge bosons and exotic matter particles, but can 
often ensure that their masses are in the electroweak range. Depending on the values of the 
assumed soft supersymmetry breaking mass parameters at M string , each specific model leads 
to calculable predictions, which can satisfy the phenomenological bounds. In addition, the 
model considered in [PTD] , |TT]] forbids an elementary [i term for appropriate U(l)' charges, but 



1 A number of such models (not necessarily consistent with gauge unification) were constructed as 
orbifold models |2],[| with Wilson lines, as well as models based on the free (world-sheet) fermionic 
constructions [Q-^]. For review and references see ||. 
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an effective /x is generated by the electroweak scale VEV of the singlet, thus providing a 
natural solution to the fi problem. 

However, the qualitative picture changes if there are couplings in the renormalizable 
superpotential of exotic particles to two or more mirrorlike singlets Si charged under the 
U(l)'. In this case, the potential may have D and F-flat directions, along which it consists 
only of the quadratic mass terms due to the soft supersymmetry breaking mass squared 
parameters mf. If there is a mechanism to drive the linear combination m 2 that is relevant 
along the flat directions negative at [Irad 3> M z , the U(l)' breaking is at an intermediate 
scale. On the other hand, if some individual m 2 are negative but m 2 remains positive, 
then the .D-flat direction is not relevant and the breaking occurs near the electroweak scale, 
similar to the case of only one singlet. 

A large number of string models have the ingredients that can lead to such scenarios: 

• SM singlets Si which do not have renormalizable self-interactions of the superpotential 
(F-flatness) . 

• If such singlets Si are charged under additional nonanomalous U(l)' factors, more 
than one Si with opposite relative signs for the additional U(l)' charges may ensure 
D-flat directions. This is the case that we focus on in this paper. However, similar 
considerations hold for a single scalar S which carries no gauge quantum numbers and 
therefore has no D-terms. 

• Most importantly, in a large class of models such Si can couple to additional exotic 
particles via Yukawa couplings of 0(1). Such Yukawa couplings can then lead to 
radiative breaking, by driving some or all of the soft m 2 parameters negative at Urad 
M z . 

In the case of pure radiative breaking, the minimum of the potential occurs near the 
scale fiRAD, and so the nonzero VEV of S^'s is at an intermediate scale. In principle, non- 
renormalizable terms in the superpotential compete with the radiative breaking. These 
terms are generically present in most string models. If such terms dominate at scales below 
Urad, they will determine the VEV of Si. In this case, the order of magnitude of the VEV 
depends on the order of the non-renormalizable terms, but is also at an intermediate scale. 

The purpose of this paper is to investigate the nature of intermediate scales in a class 
of string models. Intermediate scales are of importance, as they are often utilized in phe- 
nomenological models (e.g., for neutrino masses), and may also have important cosmological 
implications (e.g., in the inflationary scenarios ||12|| ). In this paper, we also investigate the 
implications of intermediate scales for the standard model sector of the theory, specifically 
for the /i parameter, ordinary fermion masses, and Majorana and Dirac neutrino masses. 

In Section II, we give a general discussion of radiative breaking along a flat direction and 
study two different mechanisms (radiative corrections and non-renormalizable terms) that 
stabilize the potential and fix an intermediate scale VEV. We also examine the implications 
for the low energy particle spectrum of such type of scenarios. 

In Section III, we explore the range of \1rad that can arise assuming that the flat direction 
has large Yukawa couplings to exotic fields (as is typically expected in string models) [ ]IB| . 
We consider three different models, with varied quantum numbers for the exotic fields, and 
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in each case we examine the effect on urad of different choices of boundary conditions for 
the soft masses. The relevant renormalization group equations, with exact analytic solutions 
and useful simplified approximations are given in Appendix A. 

In Section IV, we discuss the size and structure of non-renormalizable contributions 
PHI to the superpotential expected in string models p2|j29| , |31"H . These terms are relevant 
to fix the intermediate scale and can also play an important role in connection with the 
physics of the effective low-energy theory. In particular, in Section V we study how these 
contributions may offer a natural solution to the n problem and generate a hierarchy of 
standard model ordinary fermion masses in rough agreement with observation. We also 
indicate that interesting neutrino masses can arise from such terms. Both the ordinary 
seesaw mechanism for Majorana masses, or naturally small (non-seesaw) Dirac or Majorana 
masses can be generated. 

Finally, in Section VI we draw some conclusions. 



II. INTERMEDIATE SCALE VEV 

A well known mechanism to generate intermediate scale VEVs in supersymmetric theories 



utilizes the flat directions generically present in these models [14]. The discussion in this 



section applies to a general class of supersymmetric models with flat directions; string models 



T5| discussed subsequently in general possess these features. 

For example, consider a model with two chiral multiplets Si and 5*2 that are singlets 
under the standard model gauge group, but carry charges Qi and Q2 under an extra {/(l)^ 
If these charges have opposite signs (Q1Q2 < 0), the scalar field direction S with 

(Si) = cos a Q (S), (S 2 ) = sin a Q (S), (1) 

with 

tan 2 a Q = |^4, (2) 

|V2| 

is D-flat. If 5*i and S2 do not couple among themselves in the renormalizable superpotential 
the direction (|l|) is also F-flat and the only contribution to the scalar potential along S is 
given by the soft mass terms m 2 |Si| 2 + m^S^I 2 . If we concentrate on the (real) component 
s = y^ReS" along the flat direction: 

s = Si cosaQ + s 2 sin«Q, (3) 

the potential is simply 



2 We assume that the super symmetry breaking is due to hidden sector fields that are not charged 
under the additional U(l)' , i.e., the U(l)' belongs to the observable sector. Thus, the mixing of the 
U(1)y and U(l)' gauge kinetic energy terms, which can arise due to the one-loop (field theoretical) 
corrections or genus-one corrections in string theory [p^] , can be neglected in the analysis of the 
soft supersymmetry breaking mass parameters. 
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V(s) = l -m 2 s\ (4) 



where 





m 2 


\ \Q1Q2 




\\Qi 


' IQ2I 


) \Qi 


+ IQ2I 



2 2 2 ,2-2 ""1 1 ""2 \ rci^z /r-\ 

m = m 1 cos + m 2 sin oq = — — - + — — — — — — r, (5) 



which is evaluated at the scale // = s. We assume that m 2 is positive at the string scaleQ 
(m 2 = m 2 , if we assume universality.) However, m 2 can be driven to negative values at 
the electroweak scale if Si and/or S2 have a large Yukawa coupling to other fields in the 
superpotentialfj. In this case, the potential develops a minimum along the flat direction and 
S acquires a VEV. From the minimization condition 



dv ( 2 1 o 



s = 0, (6) 



fl=S 



(where /3 m 2 = /i^-) one sees that the VEV (s) is determined by 

m 2 (fi = (s)) = -^(3 m 2, (7) 

which is satisfied very close to the scale [Irad at which m 2 crosses zero. This scale is fixed 
by the renormalization group evolution of parameters from M str ing down to the electroweak 
scale and will lie at some intermediate scale. The precise value depends on the couplings of 
5*1^ and the particle content of the model, as we discuss in the next section. 

The stabilization of the minimum along the flat direction can also be due to non- 
renormalizable terms in the superpotential, which lift the flat direction for sufficiently large 
values of s. If these terms are important below the scale [Irad, they will determine (s). The 
relevant non-renormalizable terms0 are of the form| 



pi 



where K = 1,2... and Mpi is the Planck scale. The coefficients ax will be discussed in 
Section IV. Depending on the U(l)' charges, not all values of K are allowed. For example, 



3 In some string models it is in principle possible to obtain m 2 < for some scalar field, depending 
on its modular weight [17]. 

4 Another case which often occurs is that in which, e.g., m 2 goes negative but m 2 remains positive. 
In that case the D-flatness is not important: Si acquires an electroweak scale VEV while (S2) = 0, 
so that the U(l)' is broken at or near the electroweak scale, similar to the case discussed in |^,10]. 

5 The notation for superfields and their bosonic and fermionic components follows that of Jl( 



6 One can also have terms of the form a^-S 2+K ^/Mp l} where $ is a standard model singlet that 
does not acquire a VEV. These have similar implications as the terms in (l|). 
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if Q, 



-Q 2 , U(l)' invariance dictates Wnr ~ {SiS 2 ) n ~ 5* 2n and only odd values of if 



should be considered. If Qi = Q 2 = -if , Wnr ~ (SiS 2 ) n ~ 5" 5n , and so on. 



Including the vF-term from 

V(s) 



J), the potential along s is 

1 22j 1 (s 2 + K V 
-m s + 
2 



2(K 



M 



K 



(9) 



where M = C K M Pl /a K , and the coefficient C K = [2 K+1 /((K + 2){K + 3) 2 )} 1 ^ 2 ^ takes the 
values (0.29, 0.53, 0.67, 0.76, 0.82) for K = (1, 2, 3, 4, 5). The VEV of s is thenP] 



-m 2 )M. 
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(10) 



where 777 
equation, 
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= 0(|m|) = O(Mz) is a typical soft supersymmetry breaking scale. In this 
2 is evaluated at the scale \ik = (s) and has to satisfy the necessary condition 



m 2 (/iA') < 0. If non-renormalizable terms are negligible below urad, no solution to (|10"D 
exists and (s) is fixed solely by the running m 2 . 

The mass Ms of the physical field s in the vacuum (s) can be obtained easily in both 
types of breaking scenarios. In both cases, Ms is of the soft breaking scale or smaller and 
not of the intermediate scale (s). For pure radiative breaking, 



Ml 



d 2 V 



ds 2 



s=(s) 



a 1 d a 

Pm 2 + 2^^^" 



Pr, 



m 



soft 



H={s) 



16vr 2 



(11) 



In the last expression we give an order of magnitude estimate: the RG beta function for m 2 
is the sum of several terms of order 7?7 2 ^ (multiplied by some coupling constants), and part 
of the 167T 2 suppression can be compensated when all the terms are included. 
In the case of stabilization by non-renormalizable terms, 



M 2 S = 2(K + 1)(- 



-777 



777 



soff 



(12) 



In the preceding discussion, we have ignored the presence of scalar fields other than s\ 
and S2 in the potential. In addition, there are extra degrees of freedom from the two singlets. 
The real field transverse to the flat direction eqn. ([3]) is forced to take a very small VEV of 
order m 2 j t /(s). The physical excitations along that transverse direction have (up to soft 
mass corrections) an intermediate scale mass 



M] = g' 1 2 (Q 2 1 (s 1 ) 2 + Ql(s 2 ) 2 ). 



(13) 



The two pseudoscalar degrees of freedom Im S% , Im S2 are massless: the potential is invariant 
under independent rotations of the phases of Si and S 2 so that the spontaneous breaking 
of this U(l) x U(l) symmetry gives two Goldstone bosons. One of the Z7(l)'s is identified 



7 For simplicity, we do not include in @ soft-terms of the type (-AWnr + H.c.) with A ~ m so f t . 
Such terms do not affect the order of magnitude estimates that follow. 
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with the gauged U(l)' and the corresponding Goldstone boson is eaten by the Z', which has 
precisely the same intermediate mass given by eqn. (0). The other massless pseudoscalar 
remains in the physical spectrum and can acquire a mass if there are terms in the potential 
that break the other U(l) symmetry explicitly (e.g., in the presence of AWnr terms.). The 
fermionic part of the Z' — S\ — S2 sector consists of three neutralinos (£>', Si, 5*2). The 
combination 

S = cosagSi + sinagS^ (14) 

is light, with mass of order m so f t if the minimum is fixed by non-renormalizable terms. If 
the minimum is instead determined by the running of m 2 , S is massless at tree-level but 
acquires a mass at one- loop of order m so f t /(4Tr). The two other neutralinos have masses 
Mj ± |M{, where M[ is the U(l)' soft gaugino mass. 

This pattern of masses can be easily understood; in the absence of supersymmetry break- 
ing, a nonzero VEV along the flat direction breaks the U(l)' gauge symmetry but leaves 
supersymmetry unbroken. Thus, the resulting spectrum is arranged in supersymmetric mul- 
tiplets: one massive vector multiplet (consisting of the Z' gauge vector boson, one real scalar 
and one Dirac fermion) has mass Mi, and one chiral multiplet (consisting of the complex 
scalar S and its Weyl fermion partner S) remains massless. The presence of soft super- 
symmetry breaking terms modifies the picture slightly, lifting the mass degeneracy of the 
components in a given multiplet by amounts proportional to the soft breaking. 

The rest of the fields that may be present in the model can be classified into two types; 
those that couple directly in the renormalizable superpotential to Si 2 will acquire interme- 
diate scale masses, and those which do not can be kept light. In particular, all the usual 
MSSM fields should belong to the latter class. The particle spectrum at the electroweak 
scale thus contains the usual MSSM fields and one extra chiral multiplet (S, S) remnant of 
the U(l)' breaking along the flat direction^. The interactions among the light multiplet S 
and MSSM fields are suppressed by powers of the intermediate scale. At the renormalizable 
level, the only interaction between the MSSM fields and the intermediate scale fields arises 
from the U(l)' D-terms in the scalar potential. The resulting effect after integrating out the 
fields which have heavy intermediate scale masses |0|] is a shift of the soft masses of MSSM 
fields charged under the extra U(l)': 

<K 2 = -Q^w- (is) 

The U(l)' D-term contribution to the scalar quartic coupling of light fields charged under 
the U(l)' drops out after decoupling these intermediate scale particles. 

Non-renormalizable interactions between MSSM fields and the Si^ fields, which can play 
an important role (e.g., for the generation of the \x parameter and fermion masses) are 
discussed separately in Section IV. 



8 In the case of a single S and no additional U(l)' there is also one extra chiral multiplet at the 
electroweak scale. 
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Before closing this section, we remark in passing that a similar intermediate scale break- 
ing can occur in the Hip sector of the theory, where, in the absence of a fundamental \x 
parameter, the direction H\ = H® is also flat. The condition m 2 Hi + m 2 H2 > on the Higgs 
soft masses would prevent the formation of such a dangerous intermediate scale minimum. 
This is however not a necessary condition; the breaking could well occur first along the S 
flat direction generating an effective \x parameter that can lift the H\ = H® flat direction. 
The determination of which breaking occurs first would require an analysis of the effective 
potential in the early Universe. 

III. RADIATIVE BREAKING 

Both mechanisms for fixing an intermediate VEV (purely radiative or by non- 
renormalizable terms) depend on the scale \1rad at which some combination of squared 
soft masses is driven to negative values in the infrared. In this section we present several ex- 
amples in which the breaking of the extra U(l)' can take place naturally at an intermediate 
scale and examine the range of the scale Urad- 

For the sake of concreteness, we consider three models in which one or both of the singlets 
couples to exotic superfields in the renormalizable superpotential: 

• Model (I): S\ couples to exotic 577(3) triplets Di, t>2 in the superpotential 

W = hD^Sx. (16) 

• Model (II): S\ couples to exotic SU (3) triplets Di, b 2 and S2 to exotic SU (2) doublets 
Li, L 2 in the superpotential 

W = hnbASx + h L LiL 2 S 2 . (17) 

• Model (HI): Si couples to N p identical pairs of MSSM singlets, charged under U(l) f , 
in the superpotential 

W = hJ2S ai S bi Si. (18) 

8=1 

We have analyzed the renormalization group equations (RGEs) of each model to deter- 
mine the range of [irad as a function of the values of the parameters at the string scale. In 
principle, we could consider other models, such as a variation of Model (II) in which the same 
singlet couples to the exotic triplets and doublets through W = hjjDxDzSi + /il-^i-^Si, or 
a variation of Model (III) in which the singlet couples to additional singlets that are not 
a set of N p identical pairs through W = J2i,j CijSiSjSi- F° r simplicity, we restrict our 
consideration to these three models, because they can be analyzed analytically^. 



Even simpler analytic examples, neglecting trilinear j4-terms, gaugino masses, and the running 
of the Yukawas, are given in the Appendix of Q. 
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We assume gauge coupling unification at M str i ng , such that 



9°3 = 92 =9°i = 9? = 9o, (19) 

which is approximately consistent with the observed gauge coupling unification^. At the 
one-loop level, the singlets in Model (III) do not affect the gauge coupling unification of 
the MSSM. Model (II) is also consistent with gauge coupling unification if the D iy Li are 
approximately degenerate in mass, because they have the appropriate quantum numbers 
to fit into multiplets of 577(5). However, the presence of the exotic triplets not part of an 
S77(5) multiplet violates the gauge coupling unification in Model (I). This problem can be 
resolved if there are other exotics which do not couple to Si but contribute to the running 
of the gauge couplings (e.g., additional SU(2) doublets; i.e., Model (I) is a limiting case 
of Model (II) as hi goes to zero). The additional exotics will generally have electroweak 
scale masses so they will not precisely cancel the effects of the triplets except by accident. 
However, Model (I) is still useful to illustrate the basic ideas. 

For the sake of simplicity, we assume that the boundary conditions for the Yukawa 
couplings are given by 

h° = g V2, (20) 

as calculated in string models based on fermionic (Z 2 x Z 2 ) orbifold constructions at a special 
point in moduli spaceP|. Thus, the analysis presented below relies on large Yukawa couplings 
to exotic fields, which are a generic feature of a class of string models considered. However, 
the specific choice of exotic couplings in (0), (|i~7f) , and (0) is chosen for concreteness in 
order to illustrate different symmetry breaking scenarios. 

In the analysis, we assume unification of gaugino masses at M string , 

M 3 ° = M 2 ° = M° = M[° = M 1/2 (21) 

and universal^ scalar soft mass-squared parameters, 

m° 2 = m 2 . (22) 



10 We assume a GUT normalization for the Abelian gauge couplings, such that g\ = Vkgy, where 
gy is the coupling usually called g' in the Standard Model and k = |. In general, string models 
considered could have k |. 

11 An overall normalization factor of goV2 at the string scale is required if the three-gauge-boson 
coupling is to be go- In this class of string models, cubic couplings in a superpotential can contain 
additional factors of (^) n > with n 6 {0,1,2,3}. The power n corresponds to the number of 
Ising fermion oscillator excitations paired with <r+0"_ factors (i.e., sets of order/disorder operators) 
present in the product of vertex operators associated with the multiplets in the superpotential 
term. 

12 We do not consider nonuniversal soft mass-squared parameters, because it is possible to explore 
the range of urad without this additional complication. 
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The first and third models have only one trilinear coupling, with initial value A . We do 
consider the possibility of nonuniversal trilinear couplings A° D , A° L in the analysis of the 
second model. 

The RGEs of the models (li~6f)-(|i~8f) are presented in a general form in the Appendix^. 
We have solved the RGEs in each case for a range of boundary conditions to determine the 
range of [irad- Each of the models considered has the advantage that it is possible to obtain 
exact analytical solutions to the RGEs, which yield insight into the nature of the dependence 
of the parameters on their initial values. Exact solutions |19[ are possible in these models 
because the RGEs for the Yukawa couplings are decoupled. In more complicated cases, e.g., 
if the same singlet couples to both triplets and doublets, no simple exact solutions exist. It 
is also useful to consider simpler semi-analytic solutions to the RGEs, in which the running 
of the gauge couplings and gaugino masses is neglected in the solutions of the RGEs of the 
other parameters. The exact and semi-analytic solutions are presented in Appendix A. The 
results of the renormalization group analysis are presented in Tables I-III for Models (I)-(III), 
respectively. The evolution of the parameters of Model (I) is shown in some representative 
graphs. 

Model (I): In Table I, we present the results of the analysis of Model (I). We first choose 
the U(l)' charge assignment Qi = —Q 2 = — 1 for the singlets Si and S 2 and investigate the 
nature of [Irad as a function of the initial values of the dimensionless ratios A°/m and 
Mi/ 2 /m . The scale dependence of the Yukawa coupling^ and the trilinear coupling are 
shown in Figure 1. With this choice of U(l)' charges and A = mo, the breaking scale is 
of the order 10 10 GeV for values of M\j 2 = O(rrio). However, radiative breaking (along the 
.D-flat direction) is not achieved for small values of the initial gaugino masses, as is also 
shown in Figure 2 (a). The gaugino mass parameter M\i 2 governs the fixed point behavior 
of the soft mass-squared parameters (as was also found in |K|), such that small gaugino 
masses do not drive m\ sufficiently negative to overcome the fact that m\ does not run 
significantly because it does not have any couplings in the superpotential. Si will acquire 
an electroweak scale VEV in this case, as was described in Section I. Increasing the value 
of A increases [Irad dramatically (up to 10 17 GeV), for it drives m\ negative at a higher 
scale; this behavior is also shown for the case of A /mo = 3.0, Mi/ 2 /mo = 0.1 in Figure 
2 (b). The breaking scale decreases significantly (in some cases, all the way to the TeV 
range) when both A°/m and Mi/ 2 /m are lowered simultaneously. This is to be expected, 
for this is equivalent to raising the initial value of the soft mass-squared parameters and 
keeping A = M1/2, in which case m\ is driven negative at a lower scale. 

For a given set of boundary conditions, it is also possible to raise or lower \irad by 
choosing different values of the ratio of | Q1/Q2 \, as can be seen from (El). In particular, 



13 The running of the U(l)' gauge coupling depends on the charge assignments of all of the fields 
in the theory, and so is highly model dependent. For simplicity, we assume that the U{\)' charge 
assignments are such that the evolution of g[ is identical to that of g\ . 

14 The evolution of the Yukawa coupling for large initial values demonstrates the fixed point 
behavior, as discussed in the Appendix. 
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FIG. 1. (a) Scale dependence of the Yukawa coupling of Model (I) for h° — goV^ and h° = 10. (b) 
Scale dependence of the trilinear coupling of Model (I) in units of too, with M 1 / 2 = O.lmo. In each case 
Qi = —Q2 = —1- Bold curves are for exact solutions, and light curves represent semi-analytic approxima- 
tions. 

I Q1/Q2 |> 1 will increase the relative weight of m\ and so decrease /xrad, while | Q1/Q2 |< 1 
will increase the relative weight of and thus increase [Xrad- Several examples of this type 
are presented in Table I. The values of (irad for the examples with Mi/2/mo = 1.0 should 
be contrasted with the value of 10 10 GeV obtained with Q\ = —Q2 = — 1, and the values 
with Mi/ 2 /m = 0.1 should be compared with the result that radiative breaking does not 
occur in the case with equal and opposite U(l)' charges. 

Model (II): The results of the analysis of Model (II) are presented in Table II. In 
this case, both m\ and m\ are driven negative due to the large Yukawa couplings in the 
superpotential. Thus, (irad is generally much higher than in the case of the model previously 
discussed, of order 10 13 to 10 17 GeV for Q\ = —Q2 = —1- The breaking scale increases 
with larger values of My 2 and A , and the effects of the gaugino masses are negligible for 
sufficiently large values of A /mo. The breaking scale can be lowered to the range of 10 11 
GeV by decreasing the values of A°/mo and Mi/ 2 /m . In this model, changing the value of 
IQ1/Q2 I does not have a significant effect on \irad-, as the soft mass-squared parameters of 
both singlets are driven to negative values. 

Model (III): In Table III, we present the results of the analysis of Model (III), in which 
S\ couples to identical pairs of singlets charged under the U(\)' , and S 2 has no couplings in 
the renormalizable superpotential. In this case, the number of pairs of singlets is analogous 
to the group theoretical weight in the RGEs, such that ml is driven negative at some scale. 
While N p — 3 gives the same weight as that of the first model with exotic triplets, the values 
of iirad shown in the first two entries of Table III demonstrate that this model does not 
mimic the first model. For example, the results show that to obtain radiative breaking for 
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FIG. 2. (a) Scale dependence of the soft mass-squared parameters of Model (I) in units of TOq, with 
A = m and M 1 / 2 = 0.1m . (b) same, except A = 3m and M 1 / 2 = 0.1m . In each case Qi — — Q 2 = — 1. 
Bold curves are for exact solutions, and light curves represent semi- analytic approximations. 

A°/m = 1.0, it is necessary to take large values of N p (such as N p — 7 for /irad ~ 10 4 
GeV). This is due to the fact that Model (III) does not have the SU(3) coupling, so all of 
the parameters have a smaller gauge contribution. In particular, the Yukawa coupling is 
weaker in Model (III), so m\ is not driven to negative values as quickly as in Model (I). 
This model also differs from the previous models in that smaller values of M 1 / 2 yield larger 
values of (J,rad, often by many orders of magnitude. Increasing the value of A raises the 
breaking scale dramatically even for small values of N p , eventually dominating the effects of 
the gaugino masses. 

Several examples are also presented in Table III in which the breaking scale is modified 
by choosing different values of | Q1/Q2 | for a given set of boundary conditions. As in 
the first model, the scale can be raised significantly (e.g., to 10 5 GeV from the case of no 
solution) by assigning charges such that | Q1/Q2 1< 1- The value of \irad can also be lowered 
substantially (e.g., to 10 4 GeV from 10 11 GeV) by choosing \ QxjQ 2 \> 1. 

The results of this analysis demonstrate that within models in which only one of the 
singlets couples to exotic matter in the renormalizable superpotential (such as Model (I) 
and Model (III)), there is a broad range of values of the breaking scale [irad, from the 
TeV range up to around 10 16 GeV. In many cases there is no D-Rat solution, so that the 
U(l)' breaking will be at the electroweak scale. While the non-renormalizable terms will 
be important if /irad is sufficiently high, in many cases the scale of radiative breaking will 
determine the VEV of S. If both singlets have trilinear couplings in the superpotential (such 
as in Model (II)), the breaking is strongly radiative, such that non-renormalizable terms will 
dominate the symmetry breaking. 
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0.3 
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TABLE I. Model (I). Singlet coupled to triplets: W = hD^Sx. 
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TABLE II. Model (II). Singlets coupled to triplets and doublets: W = h D DiD 2 Si + h L L 1 L 2 S 2 - 
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TABLE III. Model (III). Singlet coupled to singlet pairs: W = ft^i 3oi&i&- 
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IV. INTERMEDIATE SCALE DUE TO NON-RENORMALIZABLE TERMS IN 

STRING MODELS 



The scenarios discussed in a general particle physics context in the previous sections have 
interesting implications for string models. In particular, in a large class of string models the 
particle spectrum consists of SM singlets Sj whose (particular combination) ensures that 
they correspond to .D-flat directions and F-fiat directions at least for the renormalizable 
terms in the superpotential. On the other hand, it is often the case that these fields do have 
non-renormalizable terms in the superpotential, which along with the radiatively induced 
negative mass-square terms yield intermediate scales with implications for the SM sector of 
the theory. 

For specific examples we shall concentrate on the type of non-renormalizable terms in 
a class of fermionic constructions. In such models, there are a number of SM singlets Si 
which are in general charged under additional U(l)' factors. The .D-flatness is ensured if 
the U(l)' charges of at least two Si's have opposite signs. For the sake of concreteness we 
confine ourselves to the case of two Si's, with the .D-flatness constraint satisfying eqn. ([[]). 
Since the Si are massless states at M stT ing they have no bilinear terms in the superpotential. 
We also require that in the superpotential the trilinear self-couplings of Si and the trilinear 
terms of one Si to the MSSM particle content are absent as well. This is often the case due 
to either (world-sheet) selection rules (as demonstrated below) and/or target space gauge 
coupling unification. 

The analysis of the previous section has shown that couplings to exotic particles with 
Yukawa coupling of 0(1) can ensure a radiative breaking for Si's. On the other hand, 
in general there are non-renormalizable self-couplings of Sj's in the superpotential. It is 
convenient to rewrite @ as0 




Wk = S'[-\ , (23) 



where we have absorbed the coefficient ax in the definition of mass scale M. (M is related 
to M. in eq. @ as M. = CrM.) For simplicity we have not displayed the dependence of M 
on K or the detailed form of the operators. 

If pi and P2 are the unique relative primes defined by ^ = 1^4, then, as discussed in 
section II, U(l)' invariance permits values of K > in (|23"D such that 3 + K = (p\ + P2)n, 
where n is integer. World-sheet selection rules further constrain K through restrictions on 
20 ^3f| . For example, in the free fermionic construction n must be an even integer in the 



n 



case of only two Sj, thus limiting K to only odd values, independent of the values of the Pi. 

Fermionic world-sheet selection rules further require that both singlets Si must originate 
from twisted world-sheet supersymmetric (i.e., Ramond) sectors of a model for any non- 
renormalizable terms of the form (|23|) to appear in the superpotential. In contrast, for a 



15 In these terms we have already chosen the D-flatness constraint, and thus the non-renormalizable 
self-coupling is expressed in terms of the S field (defined in ([!])) only. 
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renormalizable trilinear self-coupling S 3 term to appear, one of the two Si must have its 
origin in the untwisted Neveu-Schwarz sector while the other comes from a Ramond sector 



1 22| , |2"3"|| . Thus, renormalizable [K = 0) and non-renormalizable (K > 0) terms of the form 
(fZ5|) are mutually exclusive. 

The coefficients of the non-renormalizable couplings can be calculated in a large class of 
string models. For the free fermionic construction, coefficient values can be cast in terms of 
the K + 3-point string amplitude, Ak+3, in the the following formQ 

l\ _(*K\ (24) 



M) \Mpi 

K/2 



{2a') K/2 (^j K g V C K I K (26) 
4 ^ 



(2tO ' Ak+s (25) 

AS 

2u, 

= M Pl K (^=j gr,C K I K (27) 

(28) 

where g is the gauge coupling at M str ing, V = V% is a normalization factor (defined so that 
the three-gauge-boson and two-fermion-one-gauge-boson couplings are simply g), 2a' = 
(647r)/(Mp^ 2 ) is the string tension fl[], Ck is the coefficient of 0(1) that encompasses 
different renormalization factors in the operator product expansion (OPE) of the string 
vertex operators (including the target space gauge group Clebsch- Gordon coefficients), and 
a K = (4/ \/7f) K grjCK^K- Ik is the world-sheet integral of the type: 

Ik = J d 2 z 3 ■ ■ ■ d 2 z K+2 f K (zi = oo, z 2 = 1, z 3 , ■ - • , z K+2 , z K+3 = 0), (29) 

where Zi is the world-sheet coordinate of the vertex operator of the i th string state. As 
a function of the world-sheet coordinates, fx is a product of correlation functions formed 
respectively from the spacetime kinematics, Lorentz symmetry, ghost charge, local non- 
Abelian symmetries, local and global U(l) symmetries, and (non)-chiral Ising model factors 
in each of the vertex operators for the 3 + K fields. All correlators but the Lorentz and 
Ising ones are of exponential form. For non-Abelian symmetries and for U(l) symmetries 
and ghost systems these exponential correlators have the respective generic forms 

(n e* QW > = n 4" j * and (n eiQzH ) = n 4 iQj ( 3 °) 

i i<j i i<j 

where = z^ — Zj. In this language, Qi is imaginary for ghost systems. 

While the Lorentz correlator is non-exponential, it is nevertheless trivial and contributes 

— 1/2 

a simple factor of z 12 to fx- On the other hand, the various Ising correlators are gener- 
ically non-trivial. This makes Ik difficult to compute. In fact, Ising correlators generally 



16 For the explicit calculation of the non-renormalizable terms in a class of fermionic models, see 
[23|,f25|. 
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prevent a closed form expression for an integral Ik ||23|| . Nevertheless, Ising fermions may 
be necessary in fermionic models for obtaining realistic gauge groups and (quasi)-realistic 
phenomenology |23|,|7|j. Thus, although the Ising correlation functions make Ik increasingly 



difficult to compute as K grows in value, Ising correlation functions generally enter string 
amplitudes. 

From 1^,^] we infer that I\ ~ 70 and I2 ~ 400. In p3p5f , the non-renormalizable 



terms for which I\ and I2 were calculated involved only one and two MSSM singlets, re- 
spectively. However, we do not expect that the values of j* m 9 lets or jsing ets assoc j a ^ e( j w itli 
terms composed totally of S-type singlets will generically vary significantly from the values 
obtained when some non-singlets are involved. 

For a K = 1 term composed solely of non-Abelian singlets^] carrying U(l)' charge ||, 
we have explicitly calculated a value for j^ m 9 lets _ p or comparative purposes we relate our 
jsmgiets ^ ^ e associated four-point string amplitude A s ™ glets v ia the normalization, 

^singlets 9 1 jsinglets (31) 

This is the same normalization as in [25|, where the value of I\ was 77.7. The four singlet 
case produces 

jsinglets = 2^2 J £ Z | ^ | 1 1 1 - z\^ 2 . (32) 

By shifting z — > z + 1 and converting the world-sheet coordinate z to polar coordinates 
(r, 9), the integral can be expressed as 

„iets = / dr d9 — . (33) 

1 Jo Jo 1 + r 2 - 2r cos 9 v ; 

Integrating over the angle 9 results in 



= 4V2f *I^A-(^) (34) 

= 8 ^i°° dI pTT k (pTt) ' (35) 



where K is the complete elliptic integral of the first kind. 

Numerical approximation of (|33D (after splitting integration over r into two separate 
regions < r < 1 and < r < oo) via Mathematica yields a value of J sm 9 lets = 63.7. As a 
test of the numerical approximation, we can also expand K in powers of (or in powers 
of jt^i) an d then integrate the first two (or more) terms in this series. This latter approach 
yields (for two terms) j^ m9lets ~ (Q/y/2)n 2 w 62.8 ±10%, in excellent agreement with the our 



17 The four states forming this K = 1 superpotential term were denoted H30, H32, H37, and #39 
in Table 2 of Q. The first two of these states originate in one sector of the model, while the latter 
two reside in a second sector. This is the general pattern also followed in [23,25]. 
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numerical approximate ion .0 Thus the non-singlet factor in the four-point string amplitude 
of [|5[] causes 1\ to be about 20% larger than j* m9let \ 

It is expected that the interference terms in Ik are generically such that Ik < I± , and 
thus M > Mi. In particular, for K = 1 we obtain: Mi ~ 3 x 10 17 GeV using Ii ~ 70 and 
for K = 2: M 2 ~ 7 x 10 17 GeV using J 2 ~ 400. 



V. NON-RENORMALIZABLE COUPLING TO THE MSSM PARTICLES 

The flat direction S can have a set of non-renormalizable couplings to MSSM states that 



offer solutions to the /i problem [2g] and yield mass hierarchies between generations p8 



The non-renormalizable /i-generating terms are of the form, 

p 

W»~HiHj(j^j . (37) 

In addition, the effective soft SUSY-breaking 5-term, BH1H2 + H.c. in the Higgs potential, 
which is necessary for a correct electroweak symmetry breaking, can appear via mixed F- 
terms from a superpotentialQ 

«• P * K 

W B ~HAs(jL) +5- (A) , (38) 



or from supersymmetry breaking terms p7| in the potential of the type 



S 



p 



V~AHiH 2 S^—) +H.c, (39) 

where A ~ m so f t . In both cases, when the effective \x parameter is of the order of the 
electroweak scale, B ~ m 2 so ^ t automatically. 

Generational up, down, and electron mass terms appear, respectively, via 

~ p' ~ p' * p' 

. . . ( S \ 1 . . . / 9 \ d » . . . / S \ ! 

W^-HzQW - ; W di ~ HiQiD c A — \ ; W ei ~ H^Ef - , (40) 



18 x = 2y / r/(r + 1) is within the range of convergence < x < 1 of the series expansion, 

K{x) = \ |l + (i)x + (^|)V + •••}, (36) 

for all values of r except for r = 1. Atr = l,x reaches the endpoint of convergence, x = 1, for 
which lim x ^i if (x) — > cxd. As consistency between our two estimates of j* m9lets indicates, inclusion 
of this endpoint in the range of integration of the series expansion still permits using the series 
expansion. 

19 Although the values of the M in the two terms of eqn. ( |38| ) are expected to be of the same order 
of magnitude, they may vary somewhat. For simplicity, we ignore the distinction. 
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with i denoting generation numberp°|. 

Majorana and Dirac neutrino terms may also be present via, 



W iu f „ <Ml_ (S_\ . H ,,o„, „ k i (l< 
L > L < M \M ' L '"t "^•"•\m 



s 



Pec 



W^~ m s[^\ ■ (ID 



% % 



[p E L represents the neutrino doublet component and we have introduced neutrino singlets 
z> c .) 

When the VEV (S) is fixed solely by the running of m 2 , the size of the \x parameter 

will be determined by the scale \lrad and the value of P in eqn. (p7|), /i e // ~ jjffiP . For 
example, for P = 1 a reasonable fi e ff ~ 1 TeV would correspond to Urad ~ 10 10 GeV. On 
the other hand, concrete order of magnitude estimates can be made when the VEV is fixed 
by non-renormalizable self-interactions of 5*. Generally, if [irad *C 10 12 GeV running is the 
dominant factor; whereas, if urad ^> 10 12 GeV the non-renormalizable operators (NRO) 
dominate instead. With NRO-dominated (5*) ~ (msoftM 1 ^) 1 ^ 1 , the effective Higgs //-term 



takes the form 



fm soft \ F K+i 

Mf ~ m soft ) ■ (42) 

The phenomenologically preferred choice among such terms is clearly P = K, yielding a 
K— independent // e // ~ rn S oft- Both of these intermediate scale scenarios are to be con- 
trasted to the case in which (S) is at the electroweak scale. Then, fi e ff ~ rn so f t can be 



generated by a renormalizable (P = 0) term |T0 



Quark and lepton masses can have hierarchical patterns generated through 

/ ' / 

p p j p 

Uj e i 

, ,(m so f t \K+i I 'm soft \T<+T i f m soft \K+i 



In (|43|) we ignore the running of the effective Yukawas below (S) (or below Mpi for mt) 
because such effects are small compared to the uncertainties in M. 

Comparison of the physical fermion mass ratios |33|] in Table |IV] with theoretical K and 
P dependent mass values in Table [V] suggests that the set 

P\ = Pui = Pdi = °ei = 2; 

P2 = P'u 2 = P' d2 = P'e 2 = I! (44) 



20 Alternatively, non-renormalizable chiral supermultiplet mass terms can be generated through 
anomalous U(l)' breaking [^]|3(|. Typically, in that case the analogue of (s)/M ~ 1/10, so that 
larger values of P' are required. 
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m u 


m c 


m t 




3 x 10" 5 


7 x 10~ 3 


1 


m d 


m s 


m b 




6 x 10~ 5 


1 x 10~ 3 


3 x 10~ 2 


m e 


m/i 


: m T 




0.3 x 1(T 5 


0.6 x 10~ 3 


1 x 10~ 2 


«V e 




ra Vr 




< 6 x 10~ n 


< 1 x 10~ 6 


< 1 x 10" 4 



TABLE IV. Fermion mass ratios with the top quark mass normalized to 1. The values of u— , 
d— , and s-quark masses used in the ratios (with the t-quark mass normalized to 1 from an assumed 
mass of 170 GeV) are estimates of the MS scheme current-quark masses at a scale // ~ 1 GeV. The 
c- and 6-quark masses are pole masses. An additional mass constraint for stable light neutrinos is 
J2i m Vi — 6 x 10~ n (i.e., 10 eV), based on the neutrino contributions to the mass density of the 
universe and the growth of structure [34] . 



when used in tandem with K = 5 or K = 6, could produce a fairly realistic hierarchy for 
the first two generations in the tan/3 = ~ 1 limitf^]. Alternatively, taking the tan/? ~ 50 
limit would suggest slightly higher values for K (while keeping the same set of P' values). 

Presumably m t is associated with a renormalizable coupling {P' U . A =0). The other third 
family masses do not fit quite as well: they are too small to be associated with renormalizable 
couplings, but somewhat larger than is expected for P' d ^ = P' ez — 1 for K — 5 or K — 6. 
However, given the roughness of the estimates and the simplicity of the model, the overall 
pattern of the masses is quite encouraging. It is also possible that m b and m T are associated 
with some other mechanism, such as non-renormalizable operators involving the VEV of an 
entirely different singlet. 

There is an obvious constraint on a string model that could produce a generational mass 
hierarchy along these lines, containing P[ — 1 = P' 2 = P' U3 + 1 = 1 fermion mass terms, in 
tandem with aP = K = 5or6 //-term. A combination of world-sheet selection rules and 
U(l)' charges must prevent //-generating terms with P < 5 from appearing, while allowing 
the low order P[ fermion mass terms. If U(l)' charges could be assigned by fiat to each 
state, then the U(l)' symmetry should be able to accomplish this by itself. However, U(l)' 
charge assignments are related to modular invariance and thus they cannot be freely chosen 
for many states. World-sheet selection rules must likely play a role in constraining P. 

The neutrino mass terms in (O) offer various possibilities^] for achieving small neutrino 
|34"| , some not involving a traditional seesaw mechanism [ 35| . Very light non-seesaw 



masses 



21 In Table [V| we have used the computed value of Mi ~3x 10 17 GeV as the value for all M. To 
test the validity of this approximation, we have also determined -j§~y an d £^j~ t f° r K = 2 using 
M 2 ~ 7 x 10 17 GeV and for K = 3 using an extrapolated M 3 value of 11 x 10 17 GeV. For P < 5 
and P' < K + 5, the better estimates of M 2 and M3 reduce "ffif an d J^ e// , respectively, only by 

m soft 

factors of 0(1) in comparison to the values of ~pfy ( m ff ft ) §i ven i n the K = 2- and K = 3-columns 
of Table [V|. However, larger values of P and P' yield increasing significant reductions in y^r and 



T-soft 



respectively, when the better estimates of M 2 and M3 are used. 



22 Other applications of non-renormalizable operators to neutrino mass include [36| and 



19 





P or P' 


K = 1 


K = 2 


K = 3 


K = 4 


K = 5 


K = 6 


K = 7 


1 

V M I 




2 x i(r 8 


7 x i(r 6 


1 x 1(T 4 


8 x 1(T 4 


3 x 1(T 3 


6 x 10~ 3 


1 x 10~ 2 


(S) (GeV) 




5 x 10 9 


2 x 10 12 


4 x 10 13 


2 x 10 14 


8 x 10 14 


2 x 10 15 


3 x 10 15 


Veff 

m so f t 


K- 1 

K 
K + l 


5 x 10 7 
1 

2 x 10" 8 


1 x 10 5 
1 

7 x 10" 6 


7 x 10 3 
1 

1 x 10" 4 


1 x 10 3 
1 

8 x 10" 4 


400 
1 

3 x 10" 3 


200 
1 

6 x 10" 3 


90 
1 

1 x 10" 2 


m Q,L 
(Hi) 



1 

2 
3 
4 
5 


1 

2 x i(r 8 

3 x 10~ 16 
6 x 10- 24 

1 x 10~ 31 

2 x 10" 39 


1 

7 x i(r 6 

5 x KT 11 
3 x 10~ 16 
2 x 1(T 21 
2 x 10" 26 


1 

1 x 1(T 4 

2 x 1(T 8 

2 x 10~ 12 

3 x 1(T 16 
5 x 10" 20 
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8 x 10~ 4 
6 x 1(T 7 
5 x KT 10 
4 x 10~ 13 
3 x 10" 16 


1 

3 x 10~ 3 
7 x 10~ 6 
2 x 10~ 8 
5 x 10" 11 
1 x 10" 13 


1 

6 x 10" 3 
4 x 10~ 5 
2 x 10~ 7 
1 x 10" 9 
9 x 10" 12 


1 

1 x 10~ 2 

1 x 10~ 4 

2 x 10" 6 
2 x 10~ 8 
2 x 10" 10 



TABLE V. Non-Renormalizable MSSM mass terms via (S). For m soft ~ 100 GeV, 
M ~ 3 x 10 17 GeV. 



doublet neutrino Majorana masses are possible via W^l. of the form 



H 2 ) (m so ft\ k+i (m soft \ (m so ft 



hi 



The upper bound on neutrino masses from this term (i.e., the case of P L L = 0) is around 
10" 4 eV (using (H 2 ) ~ m soft = 100 GeV and M = 3 x 10 17 GeV), which is' too small to be 
relevant to dark matter or MSW conversions in the sun 



If Wl^l is not present, a superpotential term like W^ r J can naturally yield heavier 
physical Dirac neutrino masses of the form 



mi* ~ m (^f ) " + ' . (46) 

For example, for K = 5 the experimental neutrino upper mass limits given in Table [TV] allow 
PLu c — 4, P'lou c — 3, and P' L . v c > 2. Masses corresponding to PL C = 4 or 5 (mL iV ? = 0.9 
eV or 10~ 2 eV, respectively) are in the range interesting for solar and atmospheric neutrinos, 
oscillation experiments, and dark matter. 

Neutrino singlets can acquire a Majorana mass through W^^, 



m, M ^m soft ^-j^j , (47) 

which can be very large or small, depending on the sign of P v <^ v ^ — K. Laboratory and 
cosmological constraints depend on the z/ 4 c lifetimes (if it decays), cosmological production 
and annihilation rates, and mixings with each other and with doublet neutrinos. These in 
turn depend on other couplings, such as Wt°"J or renormalizable couplings not associated 

% i. 
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with the mass. Generally, however, the constraints are very weak due to the absence of 
normal weak interactions, especially for heavy uf (P u ^ u c < K). 

If both WiFuJ and wf^P terms are present, the standard seesaw mechanism can produce 

1 i i i 

light neutrinos via diagonalization of the mass matrix for eqs. 
eigenstate is 

2P L i v c+K ~' v u Vr 

light 2 / f™>soft\ L ^+ i ~ 

"^sSaw ~ m L iV -lm vpi ~ m sof t y-j^f- J , (48) 

while the heavy mass eigenstate is to first order m u c u c as given by (f4"T|). Various combinations 
of K, P'l. v c and P u c u c produce viable masses for three generations of light neutrinos. For 
example, with K = 5 and P' Lu c = P[ = {2, 1} for i = 1,2, respectively (the values of 

1 i 

K and P/ =12 discussed above for the quarks and electrons), and with either P'l 3V c = 1 or 
P'l 3 v c = P'u s = (involving a renormalizable Dirac neutrino term), the light eigenvalues 
of the three generations fall into the hierarchy of 3 x 10~ 5 eV, 1 x 1CT 2 eV, and either 
1 x 10~ 2 eV or 5 eV for P v ? u ? = P' L . u c + 1. This range is again of interest for laboratory and 
non-accelerator experiments. 



46, 0). The light mass 



VI. CONCLUSIONS 

We have explored the nature of intermediate scale scenarios for effective supergravity 
models as derived within a class of string vacua. In particular, we explored a class of string 
models which, along with the SM gauge group and the MSSM particle content, contain 
massless SM singlet (s) Si. In addition, we assumed that the effects of supersymmetry 
breaking are parameterized by soft mass parameters. 

The necessary condition for the intermediate mass scenario is the existence of D-flat 
and F-flat directions in the renormalizable part of the Si sector. In this case, the only 
renormalizable terms of the potential are due to the soft mass-square parameters m\. If 
the running of the soft mass parameters is such that the effective mass-square, along the 
flat direction, becomes negative at Urad 3> M z , the S^s acquire a non-zero VEV at an 
intermediate scale. (Another possibility is that individual mass squares, but not the effective 
combination for the D-flat direction, are negative. Then the VEV is of the order of the 
electroweak scale.) 

Importantly, in a large number of string models, in particular for a class of fermionic 
constructions, there exist SM singlets Si with flat directions at the renormalizable level, 
which couple to additional exotic particles via Yukawa couplings of 0(1). Such Yukawa 
couplings in turn ensure the radiative breaking, by driving the soft mf parameters negative 
at fiRAD > M z . 

For simplicity we confined the concrete analysis to the case in which there is an additional 
U(l)' symmetry, and two SM singlets Sip have opposite signs of the U{1)' charges, thus 
ensuring £)-flatness for |Qi||Si| 2 = IQ2IIS2I 2 (similar results are expected for the case of a 
single standard model singlet and no additional U(l)'). In the analysis of radiative breaking 
we considered three types of Yukawa couplings (of 0(1)) of Si to the exotic particles and a 
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range of the boundary conditions on soft mass parameters at M string . For a large range of 
parameters we obtained Urad m the range 10 5 GeV to 10 16 GeV (or at Urad ~ Mz)- 

In addition, we discussed the competition between the effects of the pure radiative break- 
ing ((S) ~ Urad) and the stabilization of vacuum due to the non-renormalizable terms in the 
superpotential of the type S K+3 /M K ((S) ~ (m so f t M K ) w + T ). Non-renormalizable terms 
in the superpotential are generic (and calculable) in string models. For a class of fermionic 
constructions M ~ M string . These terms are dominant for (m so f t A4 K ) 1 <+ T < urad- 

In the case of the pure radiative breaking, the mass of the Higgs field (and its fermionic 
partner) associated with non-zero VEV of S is light and of order Mz/(47r). On the other 
hand, the breaking due to the non-renormalizable terms implies a light Higgs field and the 
super symmetric partner both with the mass of order Mz- 

The non-renormalizable couplings of Si's to the MSSM particles in the superpotential in 
turn provide a mechanism to obtain an effective \x parameter and the masses for quarks and 
leptons. In the case of the pure radiative breaking the precise values of the \x parameter and 
the lepton-quark masses crucially depends on /irad- When the non-renormalizable terms 
dominate, these parameters assume specific values in terms of K and the order P of the non- 
renormalizable term by which they are induced. In particular, \x = 0(m so f t ) for K = P, thus 
providing a phenomenologically acceptable value for the [i parameter. (Another possibility 
is that in which the U(l)' is broken at the electroweak scale and the effective \x is generated 
by a renormalizable term.) We are able to obtain interesting hierarchies for the quark and 
lepton masses for appropriate values of P. Also, small (non-seesaw) Dirac or Majorana 
neutrino masses can be obtained, or the traditional seesaw mechanism can be incorporated, 
depending on the nature of the non-renormalizable operators. 

In conclusion, the string models provide an important framework in which the interme- 
diate scales can naturally occur and provide interesting implications for the \x parameter 
and the fermion mass hierarchy of the MSSM sector. 
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APPENDIX A: RENORMALIZATION GROUP ANALYSIS 



If the standard model singlet Si (with U(l)' charge Qi) couples in the superpotential 

W = hS x E x E 2 , (Al) 

to a set of exotic fields Ef 2 (in general non-singlets under the standard model group; the 
index a is a multiplicity index not necessarily associated with a gauge symmetry), the one- 
loop RGEs for couplings and soft masses can be integrated analytically. 
The RGE equations have the general formQ (t = In 

dg a 3 dM a 2 

~dt = 9a ' ~df = 2ha9aMa > ( A2 ) 

where the index a runs over the different gauge group factors, with gauge coupling g a and 
gaugino mass M a , and b a = J2rS(Ro) — 3C(G a ). The sum extends over chiral multiplets 
with S(R a ) the Dynkin index of the corresponding representation and C(G a ) the quadratic 
Casimir invariant of the adjoint representation. With the MSSM particle content, 63 = —3, 
b 2 = 1, and b x = y. In the case of two fundamental SU(5) multiplets added to the MSSM 
particle content, 63 = —2, b 2 = 2, and b\ = y. In writing these equations we are neglecting 
the possible kinetic mixing 

Hill between U(1) Y and £/(!)'. 



For the Yukawa coupling in eqn. ([Al] 



^ = (T + 2)h'-h^r a g 2 a , (A3) 

where T = E a $%, r a = 2[C a (S 1 ) + C a (E x ) + C a (E 2 )]. In Table V, we list the values of T 
and C a (Ei) for specific examples of Ei. 

For the associated soft trilinear coupling: 

A A 

— = 2(T + 2) Ah 2 - 2 £ r a glM a . ( A4) 
Finally, for the soft masses of the scalar components of S\ and D X2 

= 2Th 2 a 2 -^dlCa^Ml + 2^'K 1 9 2 aQa(S i mQ a m% (A5) 

tit a a 

= 2h 2 a 2 -8j29 2 a C a (E h2 )M 2 a + 2j2'K 1 g 2 a Q a (E 1 , 2 )Tr[Q a m% (A6) 

We used a 2 = m\ + m% + m 2 E + A 2 , the primed sum extends only to Abelian gauge 
group factors, and the k a are normalization factors for the Abelian groups (e.g., h\ — | in a 
GUT normalization). 



23 The local (or global) symmetry associated with the multiplicity in a for the E\^ 2 fields permits 
us to write the Yukawa coupling h and the soft masses of these fields with no a indices. 
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E i ^(SU(3),SU(2),U(l) Y ,U(l)') 


T 


C 3 (Ei) 


c 2 (^) 






D~(3,0,Y D ,Q D ) 


3 


4 
3 





3Yg/5 




L~ (0,2,Y L ,Q L ) 


2 





3 
4 


3y L 2 /5 




S i ~(0,0,0,Q Si ) 


N p 











Q\/k v 



TABLE VI. Coefficients in RGEs for coupling of S\ to triplets, doublets, and N p pairs of identical 
MSSM singlets, via the superpotential W — hSiEiE 2 - For the numerical work we chose ky = §. 



The solutions for this set of equations 24 are: 

glit) = 



9l 



l-2b a g 2 f 
M a (t) = M 1/2 ^§i, 

h 2 (f \ = E (t)ho 

{) \ + {T + 2)hlF{ty 

A(t) = A e f (t) + M 1/2 [if 2 (i) — (T + 2)/i 2 iJ3(t)e/(t) 

|2 



m 2 (t) = [1 - 3^(0] m 2 - TR f (t)e f (t)A 2 - 2TR f (t)e f (t)^A M 1/2 



+ M 2 \l 1 (t)-TR f (t) 



F(t) 



T(T + 2) 



Hs(t) 
F(t) 



R}(t) , 



Hs(t) 



™\ 2 {t) = [1 - 3i? / (t)]m 2 - i2/(f)e/(f)4> " MfWefW^AoMw 



where 



+ M 2 1/2 ll Eh2 (t)-R f (t) 



E(t)=H[l-2b a g 2 ty^, 

a 

F(t) = 2 J° E(t')dt', 



F(t) 



(T + 2) 



Hs(t) 
F(t) 



R 2 (t) , 



l + (T + 2)h 2 F{ty 
R f (t) = h 2 F(t)e f (t), 
H 2 (t) = -2j2r a g 2 a (t)t, 



(A7) 

(A8) 

(A9) 
(A10) 

(All) 



(A12) 

(A13) 

(A14) 

(A15) 

(A16) 
(A17) 



24 Assuming universality of the soft masses at the string scale, Tr[Q a m 2 } = at all scales for 
non-anomalous Abelian groups. 
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H 3 (t) = -2tE(t)-F(t), 
1 



I k (t)=2j2C a (k) 



b a 



2b a g 2 ty 



J{t) = 2^E{t') [Hl(t') + hit') + I El (t') + I E2 (t')] dt'. 



(A18) 
(A19) 

(A20) 



It is instructive to write some of these functions in terms of the Yukawa coupling at its 
(pseudo) fixed point 



h 2 (t)= m 

W- (T + 2)F(tY 



(A21) 



This is the running Yukawa coupling for large ho- It determines the infrared fixed point 
at the electroweak scale, and when ho ~ 1 it is expected that h(t) approaches hf(t) for 
sufficiently large —t (see Figure 1 (a)). When h(t) ~ hf(t) is a good approximation, many 
terms simplify in the previous analytic solutions. In particular, 



h%t) 



0, R f {t) 



1 



h\t) 



1 



(T + 2)h}(t) (T + 2)' 



(A22) 



In addition to the exact analytical solutions presented above, it is useful to consider 
approximate analytical solutions to the RGEs. In this semi-analytic approach, the running 
gauge couplings and gaugino masses are replaced by their average values, 



9a 



(g a (M z )+g ), 



M a = -(M a (M z )+M l/2 ). 



(A23) 
(A24) 



With these approximations, the RGEs for the Yukawa coupling, soft trilinear coupling, 
and the soft masses can be solved easily. The Yukawa coupling has the approximate solution 



h\t) 



9' 



in which 



1 



9 



x(ty 



Y, r *9l 



T + 2 
X(t) = X e^ T+2 ^ 2t 

X 



1 



The approximate solution for the trilinear coupling is given by 
A(t) 

where 



A X(1-X ) , „ X 



X (l-X) 



1 -X 



1 

X 



— + ln — 

A^o X 



(A25) 

(A26) 

(A27) 
(A28) 

(A29) 
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™a = (T l 2yg2 E ra&a, (A30) 

and the other quantities are defined above. 

If the U(l)' factors are neglected, the soft scalar mass-squared parameters have the 
following approximate solutions: 

ml = (1 - + Y^2^) + 2T ~9 2 ™ 2 ln |-> ( A31 ) 

<, 2 = (1 - + + (2^ 2 m 2 -8EC fl (E li2 )Ma ln|-, (A32) 



in which 



™ 2 = JTTW ? C *( E ^*%& (A33) 



and 



+ 



1_X Xq(I-X) X v Ay (1-^) 

X (1 -XV) ) . . „ X X , X , r> 1 X . . , . 

_i_^ 2(Ao _ fnx)fnx In - + — In + m|— In -). (A34) 



The semi-analytic solutions are valid in the limit of small initial gaugino masses, such that 
the contribution of the gauginos to the evolution of the trilinear coupling and the soft mass- 
squared parameters is small. 
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